I. INTRODUCTION
Electromagnetic forbidden, both magnetic dipole (M1) and electric quadrupole (E2), transitions of Mo VI are important for temperature and density estimations of tokamak plasmas [1, 2] , especially in the collision-radiative model [3, 4] . Long lifetimes of metastable states are dominated by these forbidden transitions and these states are generally difficult to observe in the laboratory plasmas due to strong collisions. However, these forbidden transitions of Mo VI have been observed in laboratory in electron spin resonance experiment [5] and therefore, they must be one of the sources of density estimations in astrophysical plasmas where collisions are very low due to high dilute interstellar medium [6] . Accurate estimation of abundances of molybdenum in the atmosphere of the evolved stars are important to understand the stellar nucleosynthesis [7] .
Hexavelent molybdenum, isoelectronic to rubidium with 4p 6 4d as ground state configu-ration, is generated by electron impact in the atomic collision process. The electron-impact ionization of multiply charged Mo ions, relevant to astrophysics and laboratory plasma research, have also been investigated [8] . Recently, Fisker et al. have given the possibility of the origin of the lightest isotope of molybdenum in proton rich type II supernova [9] .
The necessity of accurate estimation of allowed dipole transition strengths to find out their mixing these effects in the dipole forbidden transitions in Mo VI is explicitly discussed by T. Yamamoto [10] . Again, the transition strength between the fine structure states of 4d lavel can reflect the electronic structure of Mo VI in crystal [11] .
A few calculations have been carried out to study the on electric dipole (E1) transitions in Mo VI over the last few decades using the mean-field theory [12, 13] . More recently, J. Reader [15] has estimated the E1 transition probabilities among low-lying states by estimating transition strengths in the semiempirical approach with the experimental excitation energies.
For this single reference system, Mo VI, we have performed relativistic coupled-cluster (RCC) calculation with single (S), double (D) and partial triple (T) excitations in the framework of Fock space multi-reference (FSMR). Both the excitation energies and transition probabilities are determined using this RCC method using which lifetimes of many low-lying states are estimated.
II. THEORY AND METHOD OF CALCULATIONS
A. Theory
The oscillator strength for E1 transition from |Ψ f to |Ψ i is given as
where ∆E f i is the excitation energy between the upper and lower states and g f = 2J f + 1 is the degeneracy factor of the upper state with total angular momentum J f .
The single particle reduced matrix elements for the E1, E2 and M1 transition operators are given in [21] . The emission transition probabilities (in sec −1 ) for the E1, E2 and M1 channels from states f to i can be expressed as
where
is the transition strength for the coressponding operator O (in a.u.) and λ (inÅ) is the corresponding transition wavelength.
The lifetime of a particular excited state i can be computed by the reciprocal of the total transition probability, j A ij (in sec −1 ), arising from all possible states j due to spontaneous electromagnetic transitions, i.e.
The FSMRCC method is one of the most powerful highly correlated many-body approaches due to its all order structure to account the correlation effects [16] . The FSMRCC, which is mainly meant for multi-reference systems, is used here for the one valence electron and has been described in details elsewhere [16] [17] [18] [19] . Here we present the method briefly.
We first consider the Dirac-Coulomb Hamiltonian for a closed-shell N electron system which is given by
with all the standard notations often used.
The theory for a single valence system is based on the concept of common vacuum for both the closed shell N-and open shell N ± 1-electron systems, which allows us to formulate a direct method to determine energy differences (electron attachment energy or negative of the ionization potential). Also, the holes and particles are defined with respect to the common vacuum for both the electron systems. Model space of an (n,m) Fock-space contains determinants of n holes and m particles distributed within a set of orbitals known as active orbitals. For example, in the present article, we are dealing with (0,1) Fock-space which is a complete model space (CMS) by construction and is given by 
At this juncture, it is convenient to single out the core-cluster amplitudes S (0,0) and call them T . The rest of the cluster amplitudes will henceforth be called S. Since Ω is in normal ordered, we can rewrite Eq. (2.8) as
The "valence-universal" wave-operator Ω in Eq. (2.10) is parameterized in such a way that the states generated by its action on the reference space satisfy the Fock-space Bloch equation
Here, P is the projection operator of model space. Eq. (2.11) is valid for all (k,l) starting from k=l=0 (i.e., the core problem) to some desired parent model space, with k=m, l=n. In this present calculation, we truncate Eq. (2.9) at m = 0 and n = 1.
In this work, single (
) excitations are considered for T and S clusters operator. Therefore, the total correlated wavefunction of the system with single valence orbital v, can be written as
Important triple excitations, correspond to the correlation to the valence orbitals, are in-
cluded in the open shell FSMRCC-SD calculations by an approximation that is similar in spirit to FSMRCC-SD(T) [20] . The approximate valence triple excitation amplitudes are given by The transition matrix element due to any operator O can be expressed as
III. RESULTS AND DISCUSSIONS
In the present calculation, the radial wavefunctions of DF orbitals of closed shell Mo VII are obtained using Gaussian type orbitals (GTO) basis with finite nuclear size as discussed in our earlier paper [22] . We have used universal basis set, where the exponent α i is related with two parameters α 0 and β, same for all the symmetries, expressed as
We have considered α 0 and β as 0.00625 and 2.72, respectively, after obtaining best fit of the bound orbital energies and evaluating the expectation values of different radial functions (r , r 2 , 1/r ) generated with GTOs and GRASP2 [23] . In the DF calculations, we have taken 22, 20, 17, 15 , and 12 number of GTOs for s, p, d, f, and g type symmetries, respectively, to generate the atomic orbitals. In Fig. 1 , we have given the relative errors obtained for different orbitals in the calculations of these quantities using the above chosen parameters.
Since these errors are very small, it shows that there is a good agreement between results. We assume that both the bound and continuum orbitals generated using the above parameters will describe well both inside and outside of the nucleus. Therefore, we have considered all the orbitals obtained using GTOs for the rest of the calculations. [15] . The average deviation is around 0.5% for EE. We have also presented the contribution from the partial triple excitations to the EE (E triple ), which is around 0.3% to the total EE.
We have examined the first order excitation energy corrections due to Breit interaction using large scale relativistic CI calculations. Maximum contribution is coming for 5s state, which is around +2%, whereas, contributions to 5p and 4f states are around +0.4% and −0.04%;
respectively. For 5d state, it is as small as 54 cm −1 consistent with the result obtained by Pan and Beck [14] . Since, the contributions due to Breit interaction are relatively small, we do not consider them here selfconsistently to evaluate wavefunctions.
Since the transition rate is proportional to the square of the transition amplitude, therefore precise description of the wavefunction is necessary due to one order higher dependance on wavefunctions than energy. In Table II , we compare the E1 transition amplitude in both length and velocity gauges for few transitions. We find a good agreement between them, which is one of the characteristics to judge the accuracy of the wavefunctions.
In Table III In Table V , we present M1 and E2 transition probabilities and their corresponding wavelengths. However most of the transitions come in ultraviolet region, there are few transitions fall in infrared region. Though these transitions produce weak lines but they are important parameters in astrophysical studies. As expected, transition probability for E2 transitions come greater in value than that of M1 transitions except for the transitions fall in infrared region.
In Table VI, M1 transition, the Dirac-Fock contribution is almost canceled by the lowest order of corepolarization, which makes the core-corelation effect more dominant to the total value of transition matrix element. from the allowed dipole transitions 4f 2 F → 4d 2 D.
IV. CONCLUSION
Forbidden transition probabilities among the low-lying states of Mo VI relevant for astroand plasma physics are calculated using highly correlated relativistic coupled-cluster method for the first time in literature to the best of our knowledge. The lifetime of the 4d 2 D 5/2 state is found to be around 5 second, which will be useful in many physical processes.
Contributions of different correlation terms are discussed and found strong effect from higher order core-polarization. In the near future, present work will motivate experimentalists to verify our results due to its importance in many areas in physics.
